Quantitative electroencephalographic (qEEG) profiles were studied in cocaine-dependent patients in response to an acute, single-blind, self-administered dose of smoked cocaine base (50 mg) vs placebo. qEEG data were averaged using neurometric analytical methods and the spectral power of each primary bandwidth was computed and topographically imaged. Additional measures included cocaineinduced high, craving, and related subjective ratings, heart rate, blood pressure, and plasma cortisol and homovanillic acid levels. In all, 13 crack cocaine-dependent subjects were tested. Cocaine produced a rapid increase in subjective ratings of cocaine high and good drug effect, and a more persistent increase in cocaine craving and nervousness. Cocaine also produced a rapid rise in heart rate and a prolonged increase in plasma cortisol. Placebo, administered in the context of cocaine cues and dosing expectations, had no cocaine-like subjective or physiological effects. Cocaine produced a rapid increase in absolute theta, alpha, and beta power over the prefrontal cortex (FP1, FP2), lasting up to 25 min after dosing. The increase in theta power was correlated with good drug effect, and the increase in alpha power was correlated with nervousness. Cocaine also produced a similar increase in delta coherence over the prefrontal cortex, which was positively correlated with plasma cortisol, and negatively correlated with nervousness. Placebo resulted in an increase in alpha power over the prefrontal cortex. These data demonstrate the involvement of prefrontal cortex in the qEEG response to acute cocaine. Evidence indicates slow wave qEEG, delta and theta activity, involvement in the rewarding properties of cocaine.
INTRODUCTION
In recent years, neuroimaging studies have extensively characterized the acute neurobiological effects of cocaine in cocaine-dependent patients. These studies have identified numerous brain regions activated by cocaine, including the basal forebrain, ventral tegmentum, caudate, nucleus accumbens, thalamus, cingulate, and prefrontal cortex (Breiter et al, 1997) . Further characterization of the acute effects of cocaine in humans has revealed dose-and timedependent reductions in cerebral blood volume (Kaufman et al, 1998a, b) , cerebral blood flow (Wallace et al, 1996) , and in glucose metabolism (Bartzokis et al, 1999) . In some studies, a correlation between the subjective rewarding effects of cocaine and the alteration of neuronal metabolism and cerebral blood volume was shown (Breiter et al, 1997; Kaufman et al, 1998a, b) , indicating the involvement of mesolimbic regions in the rewarding effects of cocaine.
Prior to these neuroimaging studies, investigations with electroencephalographic (EEG) measurements provided some of the first in vivo data on the acute effects of cocaine in the human brain. Berger (1931) , the first to study the effects of cocaine on human EEG, reported an increase in activity in the beta bandwidth. This was replicated in subsequent studies with a larger number of subjects by Herning et al (1985 Herning et al ( , 1994 , who found a correlation between enhanced beta levels and plasma cocaine levels. Interestingly, they have also reported an increase in delta activity (Herning et al, 1985) and frontal alpha activity , while others have reported an increase in alpha wave EEG associated with bursts of cocaine-induced euphoria (Lukas et al, 1990; Lukas, 1991) . None of these studies, however, were able to map the location of the EEG effect to determine if the effects were neuroanatomically specific.
More recently, we have begun analyzing the quantitative electroencephalographic (qEEG) profiles of cocaine-dependent patients using neurometric analytical methods to topographically image the spectral power of each primary bandwidth over the cortical surface. Our group, and others, have reported excess alpha activity (Alper et al, 1990; Lukas, 1991; Herning et al, 1994; Roemer et al, 1995; Prichep et al, 1996a) and decreased delta activity (Alper et al, 1990; Noldy et al, 1994; Roemer et al, 1995; Prichep et al, 1996a, b) , while others have reported increased beta power (Herning et al, 1985 (Herning et al, , 1997 Noldy et al, 1994) in cocaine-dependent patients, recorded in eyes closed, resting conditions. The qEEG abnormalities, primarily found in anterior cortical regions, were shown to correlate with the amount of prior cocaine use (Prichep et al, 1996a; Herning et al, 1997; Roemer et al, 1995) . In a recent cue exposure study, we found evidence for an increase in beta power during the handling of cocaine paraphernalia and the viewing of a crack cocaine video, and an increase in delta power during guided imagery related to cocaine craving. In both cue procedures, the primary qEEG changes were over the prefrontal cortex . These findings demonstrate the ability to neuroanatomically map qEEG profiles at rest and during psychological stimulation in cocaine-dependent patients. Moreover, the increase in beta and delta activity during cocaine cue exposure is consistent with previous EEG studies on the acute effects of cocaine (Berger, 1931; Herning et al, 1985 Herning et al, , 1994 . As a follow-up to these studies, we have investigated qEEG activation profiles induced by an acute dose of smoked cocaine base (50 mg), vs placebo, in cocaine-dependent patients. Concurrent with the collection of qEEG data, we assessed the subjective, neurendocrine, and physiological effects of cocaine and compared these effects with the qEEG profiles.
METHODS
This study was approved by the New York University School of Medicine Institutional Review Board and performed under FDA approved IND (# 60,631) . Cocaine patient recruitment, screening, and testing took place at the New York University School of Medicine General Clinical Research Center (NYU GCRC) outpatient facilities and the New York University Medical Center, Tisch Hospital Inpatient Psychiatry Clinic. All subjects provided informed written consent to participate.
Subjects
Participating subjects were crack cocaine dependent, with active habits verified by a urine drug screen positive for cocaine in the prior 2 weeks, and were not seeking or enrolled treatment for cocaine abuse. Subjects were excluded if they had co-morbid dependence on alcohol or other drugs of abuse (except nicotine), were using prescribed psychotropic medications, or were diagnosed with an axis I psychiatric disorder according to DSM-IV criteria from the SCID (other than addiction) requiring treatment. A total of 13 patients were tested. The group consisted of 11 males and two females, average age 38.6711.0, with ethnicities: one Hispanic, three Caucasians, and nine African-Americans. Nine of 13 subjects were cigarette smokers and alcohol use (lifetime use any: 17.274.9 years; use over last 30 days: 6.371.8 days) indicated moderate levels of drinking behavior. Cocaine use over the lifetime (12.873.7 years) and over the last 30 days (12.573.6 days) indicated chronic history of abuse. Subjects reported spending $110731 on cocaine during the week prior to hospital admission and the number of days since last use, prior to the test day, was brief (3.170.9).
Subjects meeting the study eligibility criteria were admitted into the Psychiatry Inpatient Clinic where they remained hospitalized as inpatients for 24 h prior to testing and for overnight observation following testing. Baseline evaluations during the pre-testing 'washout' day included: Drug Use Survey (last 30 days), Brief Cocaine Craving Scale (BSCS) (Mezinskis et al, 1998) , and the Addiction Severity Index (ASI) (McLellan et al, 1985) . During the 24-h inpatient hospitalization, subjects were allowed to smoke cigarettes 2-3 times a day under staff escort and standard hospital meals were provided. On the morning of testing the patients had a low-fat breakfast, followed by a cigarette break (for those that were smokers) approximately 1 h before beginning test procedures.
Cocaine Smoking Tests Procedures
The cocaine base smoking procedures took approximately 6 h, including setup and removal of intravenous (i.v.) catheters, physiological monitoring equipment, and the EEG electrodes. Testing employed a within-session, crossover study design, in which each subject self-administered a cocaine dose (50 mg, cocaine base formula) followed 3 h later by a placebo dose (or vice versa). The order of dosing was randomly selected on a 1 : 1 ratio, using block sizes of 4, and was administered in a single-blind fashion. The cocaine base and placebo smoking sessions were designed based on previous cocaine self-administration studies of Foltin and colleagues (Foltin and Fischman, 1991; Foltin and Haney, 2000) . All patients had at least one practice session with a blindfold and empty stem prior to testing. All patients were informed that during each test session they had a 50 : 50 chance of receiving the 50 mg dose.
Subjects smoked from a standardized glass stem, a commonly used form of crack cocaine smoking paraphernalia in the New York City metropolitan area. The stems were made from glass Pyrex tubes (8 mm diameter) (Fischer Scientific) cut into 10 cm lengths, with a metal screen placed approximately 1 cm from one end. In order to obtain oral stimulation (smell and taste) similar to that of a used stem, three 10 mg cocaine base pellets had been burned through the tubes using a lighter and vacuum line under a ventilated laboratory hood. Separate 'pre-used' stems were included in the cocaine (50 mg) and placebo (0 mg) smoking conditions, and were replaced after every four subjects.
Upon the beginning of testing, a standard automated blood pressure cuff and an 18-gauge catheter was inserted into a subcutaneous vein (for repeated blood draws, kept patent by infusion of a dextrose (5%) solution at 100 cm 3 /h) on the patient's non-writing arm, ECG and heart rate monitor leads were applied to the chest, and EEG leads were placed on the scalp. Initially, blood samples were taken, the patient was given the Cocaine Dose Rating Scale and the Mood Analog Scale, and then 10 min (5 min eyes closed, 5 min eyes open) of baseline resting EEG, blood pressure and heart rate were collected. Thereafter, each individual underwent a 1-2-min cocaine cue exposure procedure that involved briefly viewing crack cocaine-related items (previously used glass stems, $20 bill, lighter, small plastic 'dime bags' containing simulated crack) placed in front of him/her on a table top, being instructed that they 'are now going to smoke a dose of crack cocaine', and selecting a glass stem from which to smoke crack cocaine. This procedure was designed to replicate the conditioned stimuli that patients normally experience prior to smoking crack cocaine (CS + ).
To that degree, all enrolled subjects had reported that their standard route of administration was smoking via a glass stem, and all tested subjects reported that their selected stem was similar to those which they normally use.
Following the pre-dosing cue procedure, heart rate and blood pressure were assessed to assure that cardiovascular activity was not above criteria for safe drug administration (HRo130, DPo100, SPo165), and then the cocaine or placebo smoking session began. With the cocaine cues in view in front of the patient, the research staff member (same individual was involved in all sessions) placed a blind-fold over the patient's eyes, placed a cocaine dose (50 mg) or nothing (placebo condition) in a glass stem, and then handed the glass stem back to the patient. The actual stem used for smoking was a standardized stem specifically prepared for the study, not that selected by the patient. Using a lighter, the staff member held the flame over the cocaine dose and the subject was instructed to take one large inhalation and hold it as long as they would under routine smoking practices. Once the patient had inhaled the dose and then exhaled, the staff member took the stem from the patient, placed it out of view from the patient, and removed the blindfold. The cocaine cues from prior to dosing remained in view in front of the patient. ECG was monitored continuously, and heart rate and blood pressure were assessed every 5 min, beginning 30 min prior to cocaine dosing and continuing for 1 h following dosing (every 2.5 min for 20 min following dosing). The Cocaine Dose Rating Scale and the Mood Analog Scale were completed at 5, 10, 20, 40, and 60 min post-dose administration, followed by blood samples collected at the same time points (except for the 5 min time point). The physiological and EEG recordings were recorded continuously throughout the session. Eyes open, resting EEG data were obtained during minutes 0-5, 15-20, 35-40, and 55-60 post-dose administration, and eyes closed, resting EEG were obtained during minutes 5-10, 20-25, 40-45, and 60-65 post-dose administration.
Following completion of the day's testing procedures, vital signs and psychiatric status were monitored by clinical staff until all vital signs returned to pre-testing levels. In addition, patients underwent overnight clinical observation by the NYU GCRC and Tisch Hospital Psychiatry Inpatient Clinic nursing staff prior to discharge.
Assessments
Cocaine high and related subjective effects were assessed using the Cocaine Session Rating Scale, based on the work of Foltin and colleagues (Foltin and Fischman, 1991; Foltin and Haney, 2000) and our previous cocaine-craving studies , while mood variables were assessed using the Mood Analog Scale (Berger et al, 1996) .
Cocaine session rating scale (CSRS).
Patients rated the intensity of cocaine high, good and bad drug effect, their desire to use cocaine and likelihood to use cocaine if it were available (desire and likelihood to use were averaged to obtain a cocaine craving score), and cocaine withdrawal on a 1 to 100 visual analog scale. Subjects also estimated the dollar value of the dose and the highest rating per session was selected as the subject's value rating.
Mood analog scale. Patients rated 16 adjectives, describing their current feelings, on a 1 to 100 visual analog scale, where above the appropriate numbers were the adjectives, not at all, mildly, moderately, and extremely. Patients were asked to estimate their feelings based on adjectives including 'high', 'anxious', 'nervous', 'irritable', 'angry', 'depressed', 'energetic', 'tired', 'drowsy', 'happy', 'sad', 'fearful', 'mellow', 'calm', 'talkative', and 'hungry'.
Plasma sampling. Blood samples, collected five times during each dose session, were spun for plasma extraction at 41C and immediately frozen on dry ice before transferring to storage at À701C. Samples were analyzed for homovanillic acid (HVA) by HPLC and for cortisol by radioimmunoassy at the Analytical Psychopharmacology Laboratory of Mr Thomas Cooper, Nathan Kline Institute, Orangeburg, NY.
Psychophysiological measures. Blood pressure and pulse were recorded using an automated vital signs monitoring unit (ProPaq Emcore, Protocol System Inc., Beaverton, OR) with 2.5-min and 5-min measurement interval settings.
EEG acquisition. EEG data were collected from the 19 monopolar electrode (silver chloride disc electrodes) sites of the International 10/20 System referenced to linked earlobes. In addition, transorbital electrodes were used to detect eye movement (EOG) and a neck electrode was used to monitor electrocardiogram activity (ECG). The electrophysiological data acquisition system used is a CadwellEasy EEG System 1.7 (Kennewick, WA) set with a 0.1-10 mv sensitivity, a bandpass of 0.016-70 Hz, with a 60 Hz notch filter. The EEG, EOG, and EMG were recorded and digitized at 2400 Hz with 16-bit resolution.
EEG quantification. Using neurometric analysis, the quantitative features of the EEG were extracted, log transformed to obtain normal (Gaussian) distributions, age-regressed and Z-transformed relative to age-appropriate population norms recorded resting, eyes closed. Over the last two decades, neurometric qEEG norms with high testretest reliability have been derived from 550 normally functioning subjects aged 6-90 at the co-investigator's laboratory (see Prichep et al, 1996a, b; . During recordings, raw data were continuously monitored for movement artifact, EOG activity, incidence of sleep onset, and other sources of artifact for later deletion. Captured EEG data were then recorded onto an optical disk for subsequent visual review and the selection of artifactfree epochs by a blinded rater. Artifact removal was performed by visual analysis of the raw EEG, EOG, and ECG data augmented by a computerized artifact detection algorithm. Any epoch in which any region exceeded the artifact levels was excluded from analyses. Between 1 and 2 min of baseline and post-dose, artifact-free EEG data, For each of the 19 monopolar derivations, the absolute and relative power were computed for the delta (1.5-3.5 Hz), theta (3.5-7.5), alpha (7.5-12.5 Hz), and beta (12.5-25 Hz) frequency bands. Inter-hemispheric coherence and symmetry between homologous leads in the four frequency bands were also computed. The qEEG data were scaled in the metric of probability as standard deviation units (Z-score) relative to the age appropriate normal population, and displayed in color-coded Z-score images for each condition. In estimating the confidence level of Z scale values for group data, the square root of sample size and the standard deviation of each group must be taken into account. For the current study (n ¼ 13), the range of Z-scores presented (71.2) is equivalent to 74.5 for an individual; thus, the significance level po0.05 for this group data applies to a Z-score difference between active and placebo of approximately 0.5.
Statistical Analyses
Primary outcome measures were the CSRS scores for cocaine high and cocaine craving, and the neurometric qEEG activity profiles from leads over prefrontal cortex (FP1, FP2). Secondary outcome measures included the visual analog scale items 'good drug effect', 'bad drug effect', 'anxious', 'irritable', 'energetic', and 'nervous', the estimated value (in dollars) of each dose, plasma cocaine, cortisol, and HVA levels, heart rate, and blood pressure. The subjective and neuroendocrine effects of selfadministered cocaine were compared between active (50 mg) and placebo (0 mg) conditions using a 6* (baseline, 5, 10, 20, 40, 60 min) by 2 (active, placebo) repeatedmeasures ANOVA (*cortisol and HVA were a 5 Â 2 model). The blood pressure and heart rate were compared using a 16 (measurement intervals) by 2 (active, placebo) repeatedmeasures ANOVA.
For the qEEG data, the Z-scores for each condition (cocaine, placebo) relative to the age-matched normal population were used for statistical analyses. Z-scores (absolute and relative power at each bandwidth) obtained from the leads over the prefrontal cortex (FP1 and FP2) during the 0-5-, 5-10-, 15-20-, and 20-25-min intervals after dosing were selected a priori for analysis using Hotellings T 2 statistics to compare the multivariate differences during the period of self-reported cocaine high. In addition, all Z-score maps (absolute and relative power, coherence, and asymmetry) acquired during the 0-5-, 5-10-, 15-20-and 20-25-min intervals after dosing were visually inspected and areas of interest were selected based on: (a) distinct differences (DZX0.4) between dose conditions, and (b) previous findings of activation in the same region from earlier brain imaging studies (Breiter et al, 1997; Christensen et al, 2000; Bartzokis et al, 1999) . Brain regions matching the criteria for both (a) and (b) were analyzed using Hotellings T 2 statistics, resulting in a conservative analytical model with a reduced number of tests computed. The peak increase (relative to baseline) in the subjective and physiological measures which were significantly different between cocaine and placebo were calculated for correlation analyses: cocaine high, cocaine craving, ratings of 'nervous' and 'good drug effect', heart rate, plasma cortisol, and plasma cocaine levels. The peak increase in these subjective ratings and physiological measures, the estimated value of dose, and plasma cocaine levels were then compared using Pearson's correlation analyses. These peak increase measures were also compared with qEEG data Z-scores using Canonical (qEEG absolute and relative power) and Pearson's (qEEG coherence) correlations. As the peak increase in the subjective and physiological response measures were within the first 10 min in nearly all cases (with one exception for plasma cortisol), Ztransformed qEEG data from the 0-5-and 5-10-min postdosing time intervals were used for the correlation analyses. To further limit the number of tests computed, the selection of qEEG data was limited to absolute and relative power and coherence at FP1 and FP2.
RESULTS

Subjective Responding
All subjects self-administering 50 mg cocaine base reported an increase in cocaine high, with the effects lasting for approximately 20 min in most individuals. Peak plasma levels were obtained at 10 min post-dose (plasma level: cocaine ¼ 104722 ng/ml, used stem placebo: 9.5875.83 ng/ ml). Analysis of the full time course of the test procedures showed a significant effect of cocaine dose on self-reported cocaine high (F(5,60) ¼ 33.477, po0.001) (Figure 1a) . There was also a significant increase in cocaine craving (F(5,60) ¼ 2.298, po0.05) (Figure 1b) , and subjective ratings for 'good drug effect' (F(5,60) ¼ 30.252, po0.001) (Figure 1c) , 'nervous' (F(5,60) ¼ 4.037, po0.01) (Figure 1d) , and 'high' (F(5,60) ¼ 30.252, po0.001) (data not shown) following cocaine. Cocaine high was positively correlated with plasma cocaine levels (r ¼ 0.60, po0.05), 'good drug effect' (r ¼ 0.95, po0.01), and the estimated value of the active dose (11.373.2 dollars) (r ¼ 0.56, po0.05). 'Good drug effect' was correlated with the estimated value of the active dose (r ¼ 0.71, po0.01) and (at a trend level) with plasma cocaine levels (r ¼ 0.58, p ¼ 0.060).
There were no effects of placebo dosing on self-reported cocaine high or cocaine craving, or any of the other subjective effects elicited by cocaine. In contrast, a significant increase in subjective ratings for 'irritable' (F(5,60) ¼ 2.723, po0.05) was noted (data not shown). Though a minor increase in 'high' immediately following placebo was indicated in some patients, within-group comparison of baseline and minute 5 post-dose ratings was not significant (t ¼ 4.462, p ¼ 0.102). Most patients (10/13) determined they had received placebo within the first 5 min, confirmed by a one-item post-dose question at the 5-min post-dose time point.
Physiological Effects
Smoked cocaine base produced a significant increase in heart rate (F(18,198) ¼ 6.759, po0.001), reaching a peak of 101 beats per minute (bpm) at minute 5 post-dose and returning to baseline within 20 min in most individuals (Figure 2 ). Systolic and diastolic blood pressure showed a mild increase following cocaine (data not shown), though neither effect was statistically significant given the briefness of the effect (systolicFF (18,198) Figure 1 The subjective effects of a smoked cocaine base (50 mg crack cocaine in a used stem) vs placebo (0 mg crack cocaine in a used stem) in cocaine-dependent patients (N ¼ 13). Subjective ratings, measured by visual analog scale, were collected 10 min prior to dosing (baseline) and at time points represented thereafter for 1 h following dosing. In (a) the effects on cocaine high (po0.01), in (b) the effects on cocaine craving (po0.05), in (c) the effects on good drug effect (po0.01), and in (d) the effects on nervous (po0.01) are represented. All effects were significantly different from active placebo based on repeated-measures, betweengroup, ANOVA comparisons. Figure 2 The effects of a smoked cocaine base (50 mg crack cocaine in a used stem) vs placebo (0 mg crack cocaine in a used stem) on heart rate in cocaine-dependent patients (N ¼ 13). Heart rate was monitored with chest electrodes via an automated device (Propack) according to the following schedule: 5-min intervals during baseline, 2.5-min intervals minutes 0-20 following dosing, and 5-min intervals minutes 20-60 following dosing. All effects were compared with placebo (po0.01) using repeated-measures, between-group, ANOVA comparisons.
There were no effects of placebo dosing on heart rate, blood pressure, or plasma levels of cortisol and HVA.
qEEG Measures
Based upon visual analysis of the Z-score maps, smoked cocaine base (50 mg) produced an apparent increase in absolute EEG power recorded from scalp electrodes over the prefrontal cortex (FP1 and FP2). This effect was clearest in the eyes closed recording condition, reaching a maximum during the minute 5-10 post-dose recording period ( Figure 3a ) and then subsiding gradually across the minute 15-25 ( Figure 3b ) and minute 35-45 post-dose recording periods. Hotellings T 2 test comparisons of absolute power over FP1 and FP2 are displayed in Table 2 . Comparison of cocaine dose vs baseline revealed a Figure 3 Group average topographic head maps of Z-scores for absolute power in delta (1.5-3.5 Hz), theta (3.5-7.5), alpha (7.5-12.5 Hz), and beta (12.5-25 Hz) frequency bands averaged across the 5-min baseline and the (a) minute 5-10 and (b) minute 20-25 EEG recording periods following smoked cocaine (50 mg) or placebo. All recordings were collected in the eyes closed condition. Color coding, in steps corresponding to those shown in the Z-scale (range 71.2), is proportional to the difference in Z-scores from a healthy normative population. qEEG effects of smoked cocaine MS Reid et al significant increase in power at minute 5-10 (theta and beta), minute 15-20 (alpha), and minute 20-25 (theta, alpha, beta) following dosing. Theta power also displayed trend level increase (p ¼ 0.063) during minute 15-20 following dosing. Correlation analyses comparing cocaineinduced subjective and physiological responding with absolute power over FP1 and FP2 at minute 0-5 (eyes open) revealed a positive correlation between delta power and cocaine craving, between alpha power and 'nervous', and between theta power and plasma cortisol (Table 3a) . Similar correlation analyses at minute 5-10 (eyes closed) revealed a positive correlation between theta power and 'good drug effect', and between alpha power and 'nervous'. There was also a trend level positive correlation of delta (p ¼ 0.070) and theta power (p ¼ 0.070) with plasma cocaine levels (Table 3b) .
Based upon visual analysis of the Z-score maps, smoked cocaine base (50 mg) produced an apparent increase in relative delta and theta EEG power recorded from scalp electrodes over the prefrontal cortex (FP1 and FP2). This effect was brief, seen only during the minute 0-5 (eyes open) and minute 5-10 (eyes closed) post-dose recording periods (data not shown). Hotellings T 2 test comparisons of relative power over FP1 and FP2 are displayed in Table 2 . Comparison of cocaine dose vs baseline did not reveal a significant increase in relative delta and theta power, though an increase in relative beta power during the minute 20-25 post-dose recording period was found. Correlation analyses comparing cocaine-induced subjective and physiological responding with relative power over FP1 and FP2 at minute 5-10 (eyes closed) revealed a positive correlation between relative theta power and plasma cocaine levels (Table 3b) . Based on visual analysis of the Z-score maps, smoked cocaine base (50 mg) produced an apparent increase in EEG coherence recorded from scalp electrodes over the prefrontal cortex (FP1 and FP2). This effect was clearest in the eyes closed recording condition in the theta and delta bandwidths, reaching a maximum during the minute 5-10 Table 2 .
Comparison of cocaine dose vs baseline revealed a significant increase in delta coherence during minute 15-20 following dosing. Correlation analyses comparing cocaine-induced subjective and physiological responding with coherence over FP1 and FP2 at minute 0-5 (eyes open) revealed a positive correlation of delta, theta, and alpha coherence with plasma cortisol (Table 3a) . Similar correlation analyses at minute 5-10 (eyes closed) revealed a negative correlation of delta and theta coherence with 'nervous', and a negative correlation between beta coherence and heart rate (Table 3b) . Based upon visual analysis, placebo dosing had a minor effect on qEEG, indicating a persistent increase in alpha power recorded from scalp electrodes over the prefrontal cortex (FP1, FP2) ( Figure 5 ). Hotellings T 2 test comparisons of absolute and relative power, and coherence, over FP1 and FP2, placebo vs baseline, are displayed in Table 2 . A significant increase in alpha power at minute 0-5, minute 5-10, and minute 15-20 following placebo dosing was noted. There was also a trend effect increase in alpha power (p ¼ 0.056) at minute 20-25. Comparisons of coherence and relative power over FP1 and FP2 revealed no significant effects of placebo dosing.
DISCUSSION
The present findings demonstrate that self-administration of cocaine base (crack cocaine) produces alterations in neurophysiological activity in cocaine-dependent patients, as evidenced by enhanced qEEG power and coherence over the frontal pole scalp electrodes. Moreover, these changes in Figure 4 Group average topographic head maps of Z-scores for EEG coherence in delta (1.5-3.5 Hz), theta (3.5-7.5), alpha (7.5-12.5 Hz), and beta (12.5-25 Hz) frequency bands averaged across the 5-min baseline and the minute 5-10 EEG recording period following smoked cocaine (50 mg) or placebo. All recordings were collected in the eyes closed condition. Color coding, in steps corresponding to those shown in the Z-scale (range 71.2), is proportional to the difference in Z-scores from a healthy normative population. Figure 5 Group average topographic head maps of Z-scores for absolute power in the alpha (7.5-12.5 Hz) frequency band averaged across the baseline and the minute 0-5, minute 5-10, minute 15-20, and minute 20-25 EEG recording periods following smoked placebo. Recordings were collected in the eyes open or eyes closed conditions, as indicated. Color coding, in steps corresponding to those shown in the Z-scale (range 71.2), is proportional to the difference in Z-scores from a healthy normative population.
qEEG effects of smoked cocaine MS Reid et al qEEG profiles followed a time course similar to the subjective effects of cocaine. These data confirm previous studies on the acute effects of cocaine on EEG in humans that have reported an increase in delta, alpha, and beta power following cocaine (Berger, 1931; Herning et al, 1985; Lukas and Mendelson, 1988) and extend them by neuroanatomically mapping the effects of cocaine to the frontal poles, over the prefrontal cortex. The localization of the acute effects of cocaine over the prefrontal cortex is consistent with previous MRI and PET studies on cocaine effects in humans (Breiter et al, 1997 , Bartzokis et al, 1999 and primates (Howell et al, 2002; Porrino et al, 2002) , showing alterations of neuronal activity, metabolism, and blood flow in the limbic system. Subjects in the current study received a medium dose of cocaine, reaching approximately 100 ng/ml cocaine plasma levels within the first 10 min, similar to that following smoked cocaine (50 mg) in a binge protocol (Ward et al, 1997) , but less than that following smoked cocaine in protocols employing corncob pipe (50 mg) (Foltin and Fischman, 1991) or thermal nebulizer (35-40 mg) (Hatsukami et al, 1990 (Hatsukami et al, , 1994 devices. In addition, the levels obtained in the current study were generally lower than reported in previous neuroimaging studies which employed i.v. cocaine (30-40 mg) (Breiter et al, 1997; Kaufman et al, 1998a; Christensen et al, 2000; see Mendelson et al, 1999) , though the prior EEG studies on acute cocaine effects did not report the plasma cocaine levels (Herning et al, 1985 Lukas et al, 1990; Lukas, 1991) . In general, the levels of cocaine obtained through the smoking procedures in the current study were moderately variable, which likely reflects the nature of a self-administered, smoked dose of cocaine base.
In the present study, there were clear effects of cocaine smoking on ratings of cocaine high and 'good drug effect', which were rapid and somewhat short lasting. These effects were accompanied by increased ratings of 'nervous' and cocaine craving, which were more moderate but persisted at or near their peak levels for a longer duration. These findings are in agreement with prior cocaine smoking studies (Foltin and Haney, 2000; Ward et al, 1997; Hart et al, 2004) , and extend them by demonstrating the time course of subjective effects over a period of 60 min after dosing. Moreover, evidence for a more prolonged effect on cocaine craving and nervousness is consistent with previous neuroimaging study that reported a short high followed by a longer period of cocaine craving following i.v. dosing (Breiter et al, 1997) . Analysis of the placebo (CS + ) group did not provide any evidence for a conditioned stimulus effect. On the contrary, the higher ratings for 'irritable' suggest that subjects did not experience any form of psychosomatic cocaine high. Interestingly, patients in the placebo condition did not report an increase in cocaine craving despite not receiving a dose of cocaine when they prepared for, and were instructed to expect, one. This suggests that cocaine use may lead to craving and continued drug use (binge use) based on a pharmacologically, as opposed to contextually, mediated priming effect.
The cardiovascular measures collected in this study demonstrated a clear effect of cocaine smoking on heart rate. In contrast, the effects of cocaine on blood pressure were small in the current study and did not replicate the robust effects of cocaine reported in previous studies on smoked cocaine (Foltin and Haney, 2000; Foltin and Fischman, 1991; Hatsukami et al, 1990) or i.v. cocaine (Breiter et al, 1997; Christensen et al, 2000) . The effects of cocaine on heart rate were similar to that reported following i.v. cocaine in previous neuroimaging studies (Breiter et al, 1997; Kaufman et al, 1998a; Christensen et al, 2000) . This increase in heart rate, approximately 25 bpm, was somewhat greater than that obtained in a smoked cocaine study that employed the same dose (50 mg) and smoking instruments, paired with conditioned cues (CS + ) (Foltin and Haney, 2000) . However, in this earlier study, conditioned cues followed by placebo produced a minor but significant increase in the heart rate (approximately 7 bpm) (Foltin and Haney, 2000) , while in the present study cocaine cues and dosing expectations (CS + ) followed by placebo had no effect on heart rate.
Plasma cortisol levels demonstrated a robust increase following cocaine. While it is well known that cocaine stimulates cortisol secretion (Hopper et al, 2004; Ward et al, 1999) , evidence for the involvement of cortisol and the hypothalamic-pituitary-adrenal (HPA) axis in cocaine craving and reward has been somewhat contradictory (Ward et al, 1999; Lee et al, 2003; Sinha et al, 2003; Elman et al, 2003; Broadbear et al, 2004) . Indeed, cocaine-induced plasma cortisol levels did not correlate with any of the subjective ratings employed in this study. The increase in cortisol was, however, positively correlated with cocaineinduced delta, theta, and alpha EEG coherence recorded from the frontal pole electrodes. Previous studies have reported that cortisol administration promotes an increase in delta and theta activity (Friess et al, 2004) , though investigations on endogenous levels have demonstrated delta power and coherence to be inversely related to cortisol levels (Brandenberger, 2003; Schutter et al, 2004) . Our findings extend this work by indicating that EEG and the HPA axis are activated in a coordinated fashion in response to cocaine administration.
Previous studies on the effects of cocaine on human EEG have reported an increase in beta, alpha, and delta bandwidth activity (Berger, 1931; Herning et al, 1985 Herning et al, , 1994 Lukas et al, 1990; Lukas, 1991) . In the current study, evidence for an increase in beta and alpha power, relative beta power, and delta coherence are consistent with these reports. The finding of an increase in theta power further expands upon these prior studies. In the previous studies, the functional relevance of these changes in EEG was attributed to higher frequency bandwidth EEG. For example, enhanced alpha power was positively correlated with heart rate and systolic blood pressure , and enhanced beta power was positively correlated with heart rate and cocaine plasma levels (Herning et al, 1985 . Studies by Lukas et al (1988 Lukas et al ( , 1990 Lukas et al ( , 1995 have consistently reported an increase in alpha activity after cocaine, as well as other drugs of abuse, concurrent with episodic periods of euphoria. Similar to the clinical data, some animal studies have reported that acute cocaine and amphetamine treatment results in enhanced alpha activity, which was strongest in the alpha-1 bandwidth (7-9.5 Hz) and was blocked by D1 dopamine antagonists (Stahl et al, 1997; Ferger et al, 1994) .
In the present study, cocaine-induced alpha power was correlated with ratings of 'nervous', and alpha coherence was correlated with cortisol levels. This suggests that alpha EEG activity is associated with the autonomic arousal and anxiety-producing effects of cocaine. Interestingly, analysis of the placebo (CS + ) condition revealed an increase in alpha power for the first 20-25 min after dosing when compared with baseline recordings. It might be expected that this increase in alpha power following placebo represents a conditioned drug-like effect; however, this occurred in subjects reporting an increase in 'irritable' levels and no cocaine high following dosing. Thus, findings in the present study do not support the suggestion that alpha power is associated with the rewarding effects of cocaine Lukas et al, 1990; Lukas, 1991) . The studies by Lukas and colleagues differed from the current study in their measurement of drug-induced euphoria, in which episodic moments of drug reward were determined by a joystick device as opposed to discrete cross sections of time after dose. In fact, when averaged across the first 20 min following dosing, marijuana produced an overall decrease in alpha power (Lukas et al, 1995) and a high dose of cocaine had only weak effects on alpha (Lukas et al, 1990) . In the study by Herning et al (1994) , EEG measures were averaged across a lengthy 30-min post-dose period, which could obscure the immediate rewarding effects of cocaine on EEG and reward. Indeed, it is well established that cocaine-induced euphoria is rapid and relatively short lasting (Foltin et al, 1990; Foltin and Fischman, 1991; Foltin and Haney, 2000) .
The qEEG effects of cocaine in the present study, based on neurometric derived Z-scores, were most pronounced in the lower-frequency EEG bandwidths delta and theta. These effects were strongest in the first 10 min following dosing, evident in absolute power and coherence and were focused over the frontal pole electrodes. These findings are supported by two previous clinical studies reporting cocaine-induced delta power (Herning et al, 1985) and morphine-induced theta power . In animal studies, one group has reported cocaine-induced hippocampal theta activity, which was blocked by both D1 dopamine and cholinergic receptor antagonists (Yabase et al, 1990; Yoshida et al, 1993) . The involvement of dopamine in this effect of cocaine on EEG is consistent with the present finding of qEEG alterations over a dopamineinnervated region of the cortex, the prefrontal cortex. The increase in slow wave coherence likely represents increased synchronization of neuronal firing, possibly mediated by the ascending cholinergic subcortical-cortical projections from the thalamus that are critical to the generation of slow wave EEG rhythm (see Steriade et al, 1990 Steriade et al, , 1993 .
Low-frequency EEG activity profiles recorded from the frontal poles were correlated with a number of subjective responses measures, as well as plasma cocaine levels, during the first 10 min following dosing. Theta power was positively correlated with ratings of 'good drug effect', while theta and delta coherence were negatively correlated with ratings of 'nervous'. Plasma cocaine levels were positively correlated with relative theta power and (at a trend level) with absolute delta and theta power. This pattern of association between subjective drug effects, plasma cocaine levels, and EEG indicates that delta and theta EEG activity may reflect the rewarding properties of cocaine. Interestingly, delta power during the first 5 min following cocaine was also correlated with increased ratings of cocaine craving. This finding is consistent with our previous studies on cue-induced cocaine craving which reported an increase in delta power over the prefrontal cortex during the guided imagery phase of cocaine cue presentation . Others have reported a decrease in alpha power during cocaine cue exposure (Liu et al, 1998) and a negative correlation between cocaineinduced alpha power and the subjective response item 'use again' . These data are consistent with the suggestion that lower-frequency EEG activity is associated with cocaine craving. It should be noted, however, that a cocaine-like high is also reported during cocaine cue exposure (Reid et al, , 2004 . Further studies comparing cocaine cue-and drug-elicited subjective responding and qEEG will be needed to determine the relative contribution of delta and theta EEG to cocaine reward and craving.
Prior neuroimaging studies have provided extensive evidence that acute cocaine produces reductions in cerebral blood volume (Kaufman et al, 1998a, b) , cerebral blood flow (Wallace et al, 1996; Gollub et al, 1998) , and glucose metabolism (Bartzokis et al, 1999) . While the neuranatomical specificity of these effects are yet to be characterized in humans, PET and autoradiography studies in primates have both demonstrated similar cocaine effects in the prefrontal cortex (Porrino et al, 2002; Howell et al, 2002) , consistent with the location of the qEEG effects observed in the present study. Prior studies comparing qEEG with cerebral blood flow have demonstrated a negative correlation between cortical cerebral blood flow and both delta (Tolonen and Sulg, 1981; Rodriguez et al, 1999) and theta (Mattia et al, 2003) power. In both the acute cocaine and qEEG studies, the measurements of cerebral blood flow were based on similar flow-sensitive inversion recovery functional MRI (Gollub et al, 1998; Mattia et al, 2003) and 99m Tc-HMPAO SPECT (Wallace et al, 1996; Rodriguez et al, 1999) recording techniques. Based on these results obtained using comparable methodologies, it can be predicted that acute cocaine would produce a decrease in cerebral blood flow accompanied by an increase in delta and theta EEG activity in the prefrontal cortex. Indeed, the findings on cocaine-induced qEEG in the present study are consistent with this suggestion.
